ABSTRACT T4 induced RNA ligase will join equimolar concentrations of two oligoribonucleotides, (Ap),C and p(Up),., to form a single product, (Ap)oCp(Up) _, in high yield. The presence of the 3' phosphate on p(Up)^ prevents the oligomer from adding to itself. The pH optimum of the reaction is about 7.5, but less of the undesirable adenylated intermediate, App(Up)5, forms at pH 8.2. The reaction rate is a linear function of oligomer concentration from 3 uM to 0.6 mM. The data suggest that T4 RNA ligase will be a useful enzyme for the synthesis of oligomers of defined sequence.
INTRODUCTION
T4 induced RNA ligase will catalyse the formation of a 3'-5' internucleotide link between a "donor" oligoribonucleotlde with a 5' phosphate and another "acceptor" oligoribonucleotide with a 3' hydroxyl (1) (2) (3) . Since this reaction will occur between a variety of oligomer sequences and chainlengths at high yields, it suggests that RNA ligase should be a powerful tool for the synthesis of oligoribonucleotides of defined sequence. In this paper the intermolecular reaction between a single pair of oligomers is examined carefully with the intent of finding conditions for the optimal synthesis of complex oligomers with T4 RNA ligase.
It is important to choose the correct type of oligomers to be used in the RNA ligase joining reaction. In previous work (1,3) the ratio of acceptor to donor concentrations was made extremely high (1000 to 1) to prevent intermolecular joining of two donor molecules. Since most of the acceptor molecules in the reaction mixture were not used, the efficiency of the synthetic scheme was limited. Furthermore, differences in ability i of oligomers to bind the enzyme can offset the excess of acceptor and still lead to unwanted addition of two donor molecules (3) . In this work we will show that by using a donor with a 3' phosphate as well as a 5' phosphate, the enzyme cannot join two donor molecules and the reaction will yield a single intermolecular product. Using 3' blocked donors permits equimolar addition of two oligomers and thus allows efficient use of both donor and acceptor oligonucleotldes.
The model synthetic reaction studied Is the equimolar addition of p(TJp) 5 to (Ap) 3 C to form (Ap)-Cp(Up)-. These oligomers are of the general size class which would be useful to Join together. Both (Ap).C and p(Up), are readily obtained and can easily be separated from one another and from the product by paper chromatography.
MATERIALS AND METHODS
T4 induced RNA ligase was purified from 15. coli infected with T4 am 4314, a mutant in the DNA polymerase gene, by the procedure described in Walker et: al. (1) except that Sephadex G100 was used instead of G75. A subsequent gradient elution off hydroxyapatite further purified the enzyme (4) . The details of this purification will be described elsewhere (5) . A unit of RNA ligase activity is defined as 1 nmole of (pA).. cyclized in 30 min. at 37°C under the following reaction conditions: 1 uM (pA)-2> 0.1 mM ATP, 50 mM HEPES pH 7.5, 10 mM MgCl 2 and 0.25 mM dithiothreitol.
The cydization assay procedure has been described previously (1) . The RNA ligase preparation used in this work was free of ribonucleases and phosphatases and had a specific activity of 380 units/mg. at 37°C. T4 polynucleotide kinase was purified from the same preparation of cells as the T4 RNA ligase. Details of this purification will be published elsewhere (6) . ^ ATP was purchased from New England Nuclear. DMP and the TI label is converted to 5' CMP (Fig. 2B ). This confirms that in the peak 4 oligomer the labelled phosphate is still on the 5' side of a uridine residue as it was in the donor molecule. Finally, if peak 4 is 32 3 treated with ribonuclease A, both the P and H label are converted to a compound which comigrates with (Ap),Cp, the expected labelled product (Fig.   2C ). If alkaline phosphatase is included in this reaction mixture, the 3'
terminal labelled phosphate is removed and the J? label is found to migrate as inorganic phosphate and the a. label as (Ap) ,C (Fig. 2D ).
Peak 2, the minor product in the intermolecular reaction, can be iden- In Fig. 3A , the product peak (peak 4 in Fig. 1 ) migrates close to the origin and contains r label only, the intermediate peak (peak 2 in Fig. 1 ) migrates close to p(TJp). and, as expected, contains both ?H and T» label. The P label in the unreacted donor (peak 1 in Fig. 1) is converted to inorganic phosphate and the unreacted ATP to adenosine by the alkaline phosphatase. The molar ratio of AMP to pOJp)c in the interme-diate peak, in Fig. 3A is calculated from the a and P label to be 0.85. Fig. 3A with venom phosphodlesterase gave H 5' AMP and ^ 5* UMP (Fig. 3B ). These data establish the structure of Not surprisingly, the omission of ATP from the reaction mixture prevents product formation. Under the reaction conditions used here, only a slight excess of ATP Is needed to obtain an optimal rate and extent of sealing.
Digestion of the intermediate in
When the oligomer concentrations are 100 uM, no effect on the rate is seen when the ATP concentration Is increased above 200 pM. The sulfhydryl requirement of RNA llgase has been documented (10) and can also be seen In lntermolecular reactions. When no DTT is added, a reduced amount of product is seen, the residual activity perhaps due to the small anount of DTT present in the enzyme solution. The DTT concentration suggested for synthetic reactions (3.3 mM) is about three times higher than is needed for an optimal rate, but concentrations as high as 33 mM may be used without affecting the reaction.
The pH dependence of the RNA ligase reaction is examined in a series of fixed time assays in Fig. 4A . By using a variety of buffers, the pH range from 6.0 to 9.0 could be explored effectively. Each reaction was run at the conditions used in Fig. 1 , except that only 11 units/ml RNA ligase was used. In each case, 50 mM buffer was used and the reaction was incubated at 37°C for 15 minutes. Although some differences in yield among the different buffers at a given pH were found, a well defined pH optiaim of about 7.9 for the formation of intermolecular product could be seen. Somewhat surprisingly, however, the pH optimum for the formation of adenylated oligonudeotide in the same reaction is about 7.5 and is considerably broader. Thus, the relative ratio of product to intermediate is a strong function of pH, being lowest at pH 6.0 and highest at pH 8.3. This general conclusion seems to be correct even if higher enzyme concentrations and longer times are used to drive the reaction to maximal levels. Presumably at lover pH the adenylated intermediate binds less well to the enzyme and does not react with the acceptor molecule. The adenylated oligomer may not be able to rebind the enzyme effectively due to tha large excess of ATP present which can adenylate the enzyme. Further experiments investigating the role of the adenylated oligomer in the ligase reaction are in progress.
In any case, for the purpose of synthesis, the optimal pH would appear to be about 8.3 where only a small amount of intermediate is made and the specific activity of the enzyme is still relatively high.
In an attempt to increase the rate and extent of the RKA ligase reaction, a large excess of inorganic pyrophosphatase was Included in the reaction mixture. By destroying pyrophosphate as it was produced during the reaction, the equilibrium of the enzyme adenylation step would be altered and perhaps increase the rate of formation or yield of product.
Fixed time assays were carried out exactly as in Fig. 4A , except that 2 units/ml of pyrophosphatase were included in the reaction. This amount of pyTophosphatase was enough to destroy all the pyxophosphate that could be produced in the reaction in a few seconds at all the pH values tested. As is seen by comparing Fig. 4A with Fig. 4B , a relatively large increase in the amount of product formed in 15 minutes is seen between pH 6 and 8.2, but little effect of pyrophosphatase on the yield of product is seen at higher pH values. The pH optimum is therefore shifted to a slightly lower value of 7.5. The stimulation due to pyrophosphatase varies from about two fold at pH 7.8 to nearly ten fold at pH 6.5. Unfortunately for synthetic purposes, pyrophosphatase had an even larger effect on the amount of adenylated oligomer formed at low pH values. Thus, at most pH values, the ratio of product to Intermediate actually decreased when pyrophosphatase was added. Presumably the pyrophosphatase increased the rate of formation of adenylated enzyme thereby preventing reblnding of adenylated oligomer which had dissociated from the enzyme at low pH. Thus, for optimal synthesis conditions at pH 8.3, the addition of pyTophosphatase is generally not useful. With optimal reaction conditions for the intermolecular RNA ligase reaction established, it is important to examine the effect of enzyme concentration, time and oligomer substrate concentration on the initial rate and amount of intermolecular product formed. In. Fig. 6 , the rate of formation of product is measured at several enzyme concentrations. The reaction conditions are identical to those used for Fig. 1 . As expected, when it can be accurately measured, the initial rate increases proportionally to the enzyme concentration. However, the final level of product obtained at long incubation times is proportional to the enzyme concentration as well. At low enzyme concentrations, the amount of product reaches an endpoint at about 60 minutes and does not alter after that. The simplest explanation of this is that the enzyme is inactivating during the course of the reaction. If additional enzyme is added at 60 minutes, more product is formed, whereas if additional substrate Is added at 60 minutes, Throughout this entire range the Initial rate was proportional to the substrate concentration within the accuracy of the measurement (Fig. 7) . The amount of adenylated intermediate remained very low at all substrate concentrations and times. The inability to saturate the enzyme in the concentration range tested means that kinetic parameters for the intermolecular reaction could not be obtained from these data. It is clear that for the most efficient use of enzyme in oligomer synthesis, very high concentrations of oligomer should be used. However, useful synthesis may also be carried The careful study of a single intermolecular RNA ligase reaction provides information for using this enzyme as a general synthetic tool. However, the suggested conditions for the optimal synthesis of (Ap)_Cp(Up).
may not be the same as for the synthesis of other oligomers. We and others (2,3) have noticed rather large effects of the length and composition of the oligomer on the initial rate of reaction. The presence of a 3' phosphate group on the donor molecule will allow a careful measurement of the differences in rate without the interference of the self addition of the donor. We have found that in general good synthetic yields may be achieved by increasing the enzyme and substrate concentrations without altering the buffer. Thus T4 induced RNA ligase is expected to be a powerful tool for the synthesis of oligoribonucleotides of defined sequence.
